Studies were conducted to determine the herbicidal site of clomazone action in tolerant-soybean (Glycine max [L.] Terpene synthesis occurs in both the chloroplast and the cytosol with common reactions including the conversion of acetyl-CoA to the 45 carbon containing compound SPP (Fig.  1) . Synthesis of the phytyl moieties of Chl, vitamin K1, and TOC from GGPP, however, occur exclusively in the chloroplast with the exception ofvery small rates ofTOC production within the cytosol (7). CAR and the terpene moiety of PQ are also derived from GGPP and produced solely in chloroplasts. An attempt to quantify the cellular content and the flow of ['4C]MEV into CAR and the terpene components of TOC, Chl, and PQ in these cell lines has yet to be determined. The site of clomazone action could be determined to be either before or after GGPP, since the biosynthesis of all four of the terpenoid compounds include GGPP as their last common precursor (Fig. 1) . Clomazone-induced reductions in the level of MEV incorporation would clearly indicate the site of clomazone action to be after MEV. Recent reports (15, 17, 26, 27) 
M cells was reduced at least 73%, indicating that the site of clomazone action must be after MEV. Sequestration of clomazone away from the chloroplast cannot account for soybean tolerance to clomazone since chloroplasts isolated from both cell lines incubated with (14C]clomazone contained a similar amount of radioactivity (disintegrations per minute per microgram of Chi).
The possible site(s) of clomazone inhibition include mevalonate kinase, phosphomevalonate kinase, pyrophosphomevalonate decarboxylase, isopentenyl pyrophosphate isomerase, and/or a prenyl transferase.
Clomazone2 is a registered soybean herbicide that kills susceptible species by blocking pigment synthesis via inhibition of the terpenoid pathway. The exact site of clomazone (dimethazone, FMC-57020, Command) action is currently unknown. Some of the suggested sites of action include: (a) IPP isomerase (22) , (b) prenyl transferase(s) (5, 22) , and (c) enzymatic phytylation of chlorophyllide (5, 6) .
Many reports regarding the initiation of photoautotrophic and photomixotrophic cell suspension cultures (1 1, 12, 14, 28) have indicated their potential usefulness in herbicide mechanism and site of action studies (2, 20, 23) . A previous report (17) has indicated that the response to clomazone of SB-M (Glycine max [L.] Merr. cv Corsoy) and COT-M (Gossypium hirsutum [L.] cv Stoneville 825) cells used in this study closely parallels that of identical cultivars of soybean and cotton species on a whole plant level.
Terpene synthesis occurs in both the chloroplast and the cytosol with common reactions including the conversion of acetyl-CoA to the 45 carbon containing compound SPP (Fig.  1) . Synthesis of the phytyl moieties of Chl, vitamin K1, and TOC from GGPP, however, occur exclusively in the chloroplast with the exception ofvery small rates ofTOC production within the cytosol (7). CAR and the terpene moiety of PQ are also derived from GGPP and produced solely in chloroplasts. An attempt to quantify the cellular content and the flow of ['4C]MEV into CAR and the terpene components of TOC, Chl, and PQ in these cell lines has yet to be determined. The site of clomazone action could be determined to be either before or after GGPP, since the biosynthesis of all four of the terpenoid compounds include GGPP as their last common precursor (Fig. 1) . Clomazone-induced reductions in the level of MEV incorporation would clearly indicate the site of clomazone action to be after MEV.
Recent reports (15, 17, 26, 27) have indicated that differential uptake, translocation, and metabolism can only partially account for soybean tolerance to clomazone. Consequently, differences at the site of action may account for selectivity. Differences at the site ofaction could include either a sequestration mechanism (localization of clomazone away from the site of action) or differences in enzyme sensitivity between soybean and susceptible species. A previous report (22) has indicated that terpenoid biosynthesis in the chloroplast of susceptible species is much more sensitive to clomazone than extraplastidic terpenoid formation. Also, the data contained herein clearly demonstrate that terpene biosynthesis in COT-M cells is remarkably inhibited by clomazone. Isolation of intact chloroplasts from SB-M and COT-M cells treated with ['4C]clomazone would determine if soybean tolerance to clomazone is due, at least partially, to sequestration of clomazone from the chloroplast, the primary site of action. from coenzyme Q standards (Sigma) exposed to identical experimental procedures used to isolate PQ. The PQ hexane eluate was then taken to dryness and resuspended in 100% ethanol for quantification. Aliquots from each sample were counted for radioactivity using liquid scintillation counting techniques to determine the level of ['4C]MEV incorporation.
Chloroplast Extraction from Protoplast Preparations Chloroplast isolation from protoplasts generally followed the procedure of Robinson (19) 20 ,m nylon mesh screen fastened at the end of the barrel of a cutoff syringe. After two passages through the nylon mesh screen the chloroplast preparation was layered on top of 12 mL of a solution containing 40% Percoll (v/v, Sigma), 0.33 M sorbitol, 0.1% BSA and 50 mM Tricine (pH 7.6, KOH). The samples were then centrifuged in a swing-out rotor at 2500g for 2 min. The chloroplast pellet was collected by removing the Percoll layer and resuspending in 2 mL of the B4 solution. The intactness of the chloroplasts was determined using the procedure of Heber and Santarius (8). The chloroplast preparation was then taken to dryness and resuspended in 1 mL of ethanol and centrifuged in a microfuge for 5 min. Aliquots were then taken from each chloroplast preparation to determine the Chl content (9) and total dpm using liquid scintillation spectrometry.
Statistical Analysis
All treatments were replicated three to four times, data averaged, and standard error of the means calculated. Three to four subsamples were taken from one flask for each point on the Chl synthesis curves and means and standard error of the means calculated.
RESULTS AND DISCUSSION Pigment Synthesis Curves
The Chl content of SB-M cells at 0 DAS (1,1 11 g/g fresh weight) was approximately twice that of COT-M cells (583 ,ug/g fresh weight, Fig. 2 ). The CHL synthesis curves were (Table I) . Conversely, the 10 Mm treatment caused at least a 70% reduction in the level of Chl, CAR, and PQ levels in COT-M cells (Table I ). The TOC levels in COT-M cells were also reduced but to a lesser extent (35.6%). The small decrease in the percentage of TOC may be due to a low level of TOC production in COT-M cells between the time of clomazone addition (8 DAS) and the harvest time (13 DAS). The clomazone-induced inhibition of Chl, CAR, TOC, and PQ synthesis in susceptible COT-M cells indicate that the site of clomazone action must be prior to GGPP production. These data support the hypotheses of Sandmann and Boger (21) and Duke et al. (5) that the site of clomazone action is prior to GGPP production and that the lack of phytylation of chlorophyllide is due to inhibition of GGPP production. Since Chl, CAR, PQ, and most TOC are produced in plastids, then the primary site of clomazone action must be within the chloroplast. This observation is supported by a previous report (22) that indicated that terpene biosynthesis in the chloroplast is four times more sensitive to clomazone inhibition than extraplastidic terpene formation. Other physiologically significant compounds derived solely or partially from the terpenoid pathway that are produced outside of plastids include sterols (endoplasmic reticulum) and ubiquinone (mitochondria). It is an extremely remote possibility, however, that the immediate and complete lack of pigments in leaf tissue of susceptible species treated with clomazone is a secondary effect caused by a lack of either sterol or ubiquinone production or any other terpenoid compound produced solely in the cytosol. Furthermore, leaves of clomazone-susceptible species that are devoid of pigments grow otherwise normally until food reserves from endosperm or cotyledons are exhausted (15) . Also, the growth and development of root tissue which is devoid of chloroplasts is not significantly inhibited by clomazone in susceptible species (15) . The clomazone-induced decline in the PQ pool observed in COT-M cells also supports a previously conjectured hypothesis that one or more component of the photosynthetic electron transport chain is either missing or nonfunctional in clomazone treated tissues of susceptible species (6) .
The relative quantities (,tg/g fresh weight) of the terpenoid compounds isolated from SB-M cells (Chl > CAR > TOC -PQ) is consistent with a previous report (25) . Although the CHL content was greater than CAR in COT-M cells there was a greater level of PQ relative to the TOC content. These data indicate that there is a greater cellular PQ pool relative to the TOC pool within the first 13 DAS in COT-M cells.
The relatively low level of TOC in COT-M cells may account for the small inhibitory (35.6%) effect of clomazone.
There was significant ['4C]MEV incorporation (nCi/g fresh weight) into all four terpenoid compounds within the time frames used in this study based on control treatments from both cell lines (Table II) (Table II) (Table II) (Table III) . There was no-significant difference in the total level of radioactivity (dpm/,ug Chl) in chloroplasts isolated from SB-M and COT-M cells. These data clearly indicate that soybean tolerance to clomazone is not due to sequestration of clomazone from the chloroplast, the primary site of clomazone action. Since differential uptake, translocation, and metabolism (conversion to inactive form) does not account for clomazone selectivity (15, 17, 26, 27) , differences in enzyme sensitivity appears to be the mechanism of selectivity assuming that parental clomazone is the active form of the herbicide. Differences in enzyme sensitivity accounts for selectivity of herbicides such as aryloxyphenoxypropionates (10, 24) and cyclohexadiones (18) .
CONCLUSIONS
The relative contents of Chl, CAR, TOC, and PQ of both cell lines compared well to those observed in whole plants. Terpene of the herbicide away from the chloroplast (the primary site of clomazone action), implicating differences in enzyme sensitivity as the primary mechanism of clomazone selectivity. Future studies will be conducted to more precisely determine the site of clomazone action.
